Abstract. Some unresolved problems of grain boundary diffusion -restrictions of Fisher-Gibbs model, refinement of the conditions for B-and C-regimes, relation between segregation (s) and enrichment (b) coefficients, grain boundary width, non-linear segregation effects on grain boundary diffusion -are discussed.
Introduction
Short-circuit diffusion paths in metals and alloys attracted continuous attention in view of their technological importance. Alloying, sintering, oxidation -these are the phenomena which demand consideration of interface-or dislocation-enhanced diffusion, just to name a few of them. The importance of the kinetic and thermodynamic properties of interfaces grows considerably in the case of a miniaturization of the whole devices or the length scale of their typical structure features. The interface structure, its kinetics, stability and possible structure transformations are strongly affected by solute segregation, both of alloying components and residual impurities.
Grain boundary (GB) diffusion measurements are very sensitive to the structural state of GBs. Small changes in atomic positions can result in corresponding changes of energy barriers for diffusion jumps. Since the diffusion rate depends exponentially on the energy barriers, a significant change in the GB diffusivities, both for solute and matrix atoms, can be expected.
The GB diffusion measurements are almost exclusively relay on the model which was suggested by Fisher in 1951 [1] . This is especially true for self-diffusion. Bokstein and co-workers [2] and later Gibbs [3] recognized that the GB diffusion problem has to be specially treated in the case of solute diffusion, namely the solute segregation has to be taken into account. Subsequent development of the GB diffusion theory is most completely represented by the famous handbook on fundamentals of grain and interphase boundary diffusion [4] .
The last overviews on the state of the art in the field are dated back to 2000, to Mishin's report presented at DIMAT Conference in Paris [5] and 2009, to Bokstein's report presented at DSL-2009 Conference in Rome [6] .
The present paper aims to describe recent developments in this subject with a special highlight on unresolved problems from the author's personal point of view. Some of these problems were put forward during the round table discussion at the DSS 2010 Conference in Moscow (see these proceedings)
Fisher model of GB diffusion
The commonly accepted Fisher model is a model of the fast GB diffusion with a leakage of diffusing atoms to the bulk by normal to GB (Fig. 1) . 
means the continuity of tracer concentration at the GB/bulk interface, i.e. the lack of GB segregation (c and c b are the diffusant concentrations in the bulk and in the GB). Therefore, the model is applied for self-diffusion (Fig. 2a) . Later Gibbs took into account the GB segregation in the linear form (so-called Henry isotherm)
where s is segregation coefficient (Fig. 2b) . 
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In the latter case, the approximate solution for quasi-stationary state (
where c 0 is the surface concentration and
L can be obtained from GB diffusion measurements by analyzing the concentration profile which gives the straight line in coordinates ln(c b ) vs. y with the slope L -1 . The values of L and D permit to calculate the triple product of GB diffusion P = sδD b . The defined effective activation enthalpy of GB diffusion,
contains real enthalpy of GB diffusion, ∆H b , and enthalpy of segregation H seg < 0:
The exact solution of Fisher model of GB diffusion was latter derived by Whipple [7] and Suzuoka [8] and generalized by Le Claire [9] .
However, several fundamental questions to the Fisher model still remain.
Strong discontinuity of diffusivity at the 'virtual' GB/bulk interface
Fisher treated the GB as a separate phase with thermodynamic and kinetic properties different from adjacent grains. Such treatment is consistent with Guggenheim conception [10] of the surface phase. The thickness (δ) of the GB in Fisher model is very small, about two interatomic distances. Meanwhile, at least in the unrelaxed state, with the nonequilibrium vacancies, increased dislocation density in the vicinity of GB, etc., the diffusivity is high comparing with the bulk at distances much longer than GB thickness. Hence, probably, there is no abrupt jump from
The attempt to pass out the scope of Fisher's model was made by Klinger and Bokstein [11] . They introduced a "wide" GB with a single diffusion coefficient D eff (x) (Fig. 3) . (a wide GB!). Up to day the authors have restricted themselves by these equations.
Determination of s
In the systematic work of Münster's group [12] [13] [14] [15] [16] [17] , the GB diffusion measurements were used to collect unprecedented information on solute segregation in the same high-purity polycrystalline copper. A combination of so-called B and C type measurements after Harrison classification [18] was applied. The key point is that it is the GB diffusion coefficient, D b , which is measured in the C kinetics, whereas the triple product P, P = sδD b , is determined at higher temperatures in the B kinetics. Then these data can be combined to estimate the product sδ,
This approach is represented in Fig. 4 for selected solutes. Knowing the (diffusional) GB width δ -from direct measurements, see below -the segregation coefficient of solutes, s, can be determined. [14] , Ge [15] , Ni [17] , and Bi [16] GB diffusion in 5N8 high-purity Cu measured in both, the B-(solid symbols) and C-type (open symbols) kinetics. The determination of the product sδ for Ni is sketched. Grain boundary self-diffusion of Cu [13] is plotted by thick dashed (the B kinetics) and solid (the C kinetics) lines.
The described approach relays on the following main approximations:
• Constant and isotropic GB width δ;
• Arrhenius-type dependencies are assumed to be valid for both D b and P, i.e.
, respectively; • Linear segregation of the solute (the Henry isotherm) is supposed, i.e. the segregation coefficient is not changed along the boundary, s = const for the given temperature T; • The limits of the GB diffusion regimes are strictly defined.
The GB width δ was measured in a series of self-diffusion experiments when the segregation factor equals simply to unity, see e.g. [19, 20] . Table 1 lists the derived values. As one can see, δ = 0.5 nm is a very good estimate for GB width for the matrix atoms.
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The next, very important approximation is that the GB widths for self-diffusion, δ sd , and that for solute diffusion, δ solute , are equal: δ sd = δ solute . Generally speaking this may be not the case. One may imaging that δ solute > δ sd (even δ solute >> δ sd ) and solute b D which enters the triple product P will correspond to an effective value. In such a case, the application of equation (9) would be incorrect.
There are however strong arguments that this is not the case, at least for such solutes as Ag and Bi in Cu. The segregation enthalpies derived from the application of equation (9) agree well with the independently measured data produced by Auger spectroscopy. However, this could be potentially a very serious problem and it probably was encountered in the recent study on Fe GB diffusion in Cu [27] .
The relation between equation (2), which introduces the segregation coefficient s, and real Henry isotherm, which for a dilute solutions looks like
is also very important. Both equations: (2) and (10) are very similar. Meanwhile, the equation (2) describes the relation between c b and c at x=±δ/2 and it is defined as the boundary condition for the leakage from GB to the bulk. The equation (10) describes the equilibrium exchange of the solute atoms between GB and the bulk.
The equation (2) relates to the non-equilibrium situation. We have two diffusant flows. Diffusant moves along GB and outgoes from GB to the bulk. Hence, the equilibrium is not attained and physical meaning of the coefficients b and s is quite different.
In general b≠s. But if the local equilibrium at x=±δ/2 is reached, then b=s. The question remains still opened.
Refinement of the conditions for B-and C-regimes
Mathematic treatment of the GB diffusion problem is well established at present [4] . Recently, in their very detailed and systematic study of GB diffusion regimes by so-called Lattice Monte-Carlo method, Murch and Belova proved that the C regime is realized at α > 5 and α < 0.1 corresponds to the B kinetics [28, 29] . The parameter α is defined as usual,
The GB diffusion regimes have to be reconsidered in the case of a hierarchic microstructure, which corresponds to co-
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existence of several short-circuit diffusion paths with very different diffusivities. These are, e.g., the case of GB diffusion in presence of dislocations [30, 31] , diffusion in polycrystalline materials with sub-grain fragmentation [31] , and diffusion in agglomerated nanocrystalline materials [32, 33] .
For GB diffusion of Fe in pure polycrystalline Cu, unconventional penetration profiles were measured at high temperatures [27] . Though the conditions of B-regime were promoted, the penetration profiles were perfectly linear against the depth squared while systematically curved when plotted against y 6/5 . No less remarkable result was recently obtained by the team in Moscow Institute of Steel and Alloys [34] . They studied Fe diffusion in Cu under condition of B-regime at comparative low temperatures (T = 900, 850, 800, 750 o C, α = 2.8·10 -8 , 2.8·10 -8 , 3.5·10 -8 , 4.5·10 -8 , using s = 1). Nevertheless, they did not observe the crucially marked diffusion along GB, going ahead the bulk diffusion. The similar effect was observed by Cermak group [35] . They measured Ge diffusion in Mg. At high temperatures, where B-type diffusion should be, they observed profiles linear in depth square coordinates. What is the common point between these unexpected results? What is the reason of such strange behavior? Does it mean some new restrictions on Fisher-Gibbs model?
Nonlinear GB segregation and GB diffusion
Two general trends define the accepted point of view on the effect of segregation on diffusion [5] :
• fast (slow) diffusants in a bulk tend to remain identical in GB;
• strong GB segregation tends to reduce the GB diffusivity; the stronger a segregation, the greater a retardation effect.
Both trends relate to a linear segregation (Henry isotherm, Gibbs model). Nonlinear segregation represents a serious issue. Two nonlinear segregation effects on GB diffusion were discussed: (i) effect of saturation in terms of McLean-Langmuir isotherm [36] [37] [38] and (ii) the effect of the solute interaction in GB, i.e. the Fowler isotherm [10] and the effect of GB inhomogeneity, i.e. the Temkin isotherm [39] . Two last effects were calculated in [40] . All these effects lead to a curvature of the GB penetration profiles. The case of nonlinear segregation was clearly demonstrated in [41] when a variation of the initial amount of applied tracer resulted in a regular change of the determined penetration profiles.
An important step was made recently [42] by accounting the possibility of the complexes formation on GB .The complexes formation leads also to non-linear GB penetration profiles and to decrease of GB solute penetration since the complex-bonded atoms do not probably participate in GB diffusion process [42] . Nevertheless, they participate in the leakage from GB to the bulk. Does it mean that the GB diffusivity has also decrease -this question remains open.
Conclusion
A critical consideration of the present state of the art of GB diffusion gives rise to the conclusion that there still exist a large number of "hot" unresolved problems, which demands both experimental and theoretical (including computational) efforts.
• The Fisher model is really unchanged for many years though a lot of experimental and last simulation results are contradictory to its predictions. Possibly, it is time to come outside the scope of the model.
• Is the diffusional GB width the same for self-and solute diffusion? Experimental work is primary asked here, since it is the product δD b which intrinsically accessible from the present atomistic simulation by e.g. molecular dynamic calculations.
• What is the real relation between b and s, i.e. the enrichment and segregation coefficients, respectively?
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In the Fisher-Gibbs model it is generally agreed that s = const. It does not depend on the distance from the surface. Meanwhile, all non-linear segregation isotherms show that in general case s = s(y). s diminishes with the increase of diffusion path along GB (a propos, from this it follows that in such case s ≠ b, because b does not depend on diffusion path). s becomes constant only far from the surface, for very small concentrations of solute, i.e. for very dilute solutions. These are conditions in which GB diffusion has to be predominantly measured, if the non-linear effect have not to be addressed specially.
• GB diffusion in non-linear segregation conditions represents a problem which has never been treated completely. First, according to the Gibbs treatment, strong solute segregation changes the GB energy and a gradient of GB energy is appearing. This gradient corresponds to a thermodynamical force which has to be taken into account. Secondly, this diffusion problem would correspond to chemical GB diffusion between solute and matrix atoms. If the fluxes of A and B atoms will be unequal, net motion of vacancies will result on stresses. The last point was treated by Rabkin and Klinger [43] . Moreover, diffusion of oversized A atoms in the B matrix will also result in appearance of elastic stresses. See also the round table discussion.
• Effect of alloying on GB diffusion. The results obtained so far are somehow contradictive. On one hand, it is well established that GB segregation of e.g. phosphor decreases GB energy and suppresses GB self-diffusion in Cu [13] or Ni [25] . On the other hand, Ag diffusion in Cu-0.1 at.%Ag alloy is not affected by Ag alloying [44] . Similarly, Ag GB self-diffusion is not changed by Ni alloying in Ag-Ni alloys [45] .
